have, however, complicated the quest, especially considering the extreme demands of these applications. According to the long-term goals of the U.S. Advanced Battery Consortium (USABC), EV batteries must be able to undergo at least 1000 cycles to 80%
depth-of-discharge, last ten years, tolerate both over-charge and -discharge (preferably without electronic controls), and operate at temperatures ranging from -30 to 65° C.
While high energy density is needed for EVs, high power density is more critical for HEVs; power-to-energy ratios of about 2 are needed for the former but 5-20 for the latter, along with the ability to withstand tens of thousands of shallow cycles.
2
Most work on manganese oxides for rechargeable lithium batteries has focused on development of LiMn 2 0 4 and related spinels. LiMn 2 0 4 cycles with only a slight capacity fade at room temperature. 3 Dissolution of manganese ions and concomitant formation of defect spinel near the end of charge are responsible for the loss of 4V capacity. 4 At 55° C or above, dissolution is accelerated, resulting in poor cycling at elevated temperatures. 5 Other phenomena that can contribute to fading include the large anisotropic distortion associated with a cooperative Jahn-Teller induced tetragonal phase change that occurs for x>1 in LixMn 2 0 4 • This may happen either when cells are discharged normally to 3V, or under high rate, non-equilibrium conditions on the 4V plateau. 6 The sensitivity of lithium manganese oxide spinels to damage during high rate discharge, over-discharge, or at elevated temperatures, contra-indicate their use in traction applications where such abuses are likely to occur.
Layered manganese oxides are also under investigation for battery applications.
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Many of these are prepared as ternary compounds containing either Na or K ions, and are used as is or exchanged prior to incorporation in a lithium cell. Most layered compounds have structural features in common with spinels and convert readily upon cycling. Work is underway in several groups to improve the meta-stability by admetal doping or by pillaring the layers 9 . Alternatively, layered compounds that do not have cubic closepacked an·ays of oxygen may prove to be more resistant to spinel conversion, but can undergo other in·eversible phase transitions during the first few cycles. 10 Layered oxides and most tunnel-type oxides are incapable of accommodating the tetragonal Jahn-Teller distortion that occurs on reduction of Mn(IV) to Mn(ID). These structures consist of rigid blocks of close:packed oxide ions with manganese in octahedral sites. The local symmetry of the manganese ions in these blocks is trigonal.
Cooperative rearrangement of these structural units to accommodate tetragonally elongated octahedral coordination creates sufficient strain to activate the conversion to the stable, tetragonal Mn(ID) spinel. Less rigid manganese oxide structures, and those not based on a cubic close-packed array of oxygen ions, are much more likely to remain phase-stable upon cycling in a lithium cell configuration.
One such structure is that based on the double-tunnel compound Nao. 44 Mn0 2 _n,Iz (Figure 1 ). Nao. 44 Mn0 2 contains both Mn06 octahedra and MnOs square pyramids, which act as hinges to accommodate strain during lithium insertion or de-insertion,· and the accompanying changes in Mn-0 coordination. Ion-exchanged materials cycle with no capacity fading in a lithium cell configuration 13 and are unusually resistant to degradation when over-charged or over-discharged. 14 Furthermore, conversion to the spinel structure does not occur below about 400° C. These features make LixMn0 2 with the Na 0 . 44 Mn0 2 structure especially attractive for use in demanding HEY and EV battery applications.
Experimental
Nao.4 4 Mn0 2 was synthesized by a glycine-nitrate process (GNP) according to the method of Chick et al. 15 An Na/Mn ratio of 0.49 was initially used to compensate for sodium losses during combustion, and to minimize production of Mn 2 0 3 impurities. The resultant fine powder was calcined at 800° C for four hours, and then reground and refired at the same temperature for four hours two more times to ensure sample homogeneity. X-ray analysis using a Siemens D5000 diffractometer indicated that the product was phase-pure and did not contain Mn 2 0 3 . Nao. 44 Mn0 2 was also produced by heating intimately mixed Na 2 C0 3 and Mn 2 0 3 powders together, with an Na/Mn ratio of 0.44, at 800° C for eight hours. The xrd pattern indicated that the resultant powder contained about 20% Mn 2 0 3 by weight. An aqueous solution of NaOH in an amount sufficient to react with the Mn 2 0 3 impurity completely was then added and the powder rer fired for another eight hours: This was sufficient to produce a phase-pure material.
Surface area analysis by BET was carried out on both samples by Micromeritics, Norcross, GA. Scanning electron microscopy (Microspec ISI-DS 130C dual stage SEM) was used to observe the particle morphology of both samples. Polymer cells were equilibrated at 85±0.5° C in a convection oven equipped with a
Eurotherm controller for at least one hour prior to testing. A MacPile II (Bio-Logic, SA, Claix, France) was used for both galvanostatic and potentiostatic experiments. For electrochemical potential spectroscopy experiments (ECPS), the potential was stepped 10 mV every 4 hours, or until .the current had decreased to 1/1000 of its initial value, between 2.6 and 3.5V for polymer cells and between 2.5 and 3.8 V for liquid electrolyte cells. 16 on this material indicates that the tunnels are aligned parallel to the long axis of the needles ( Figure 6 ). Since diffusion is expected to be highly anisotropic, reduction of particle size in this dimension has a much greater effect on performance than over-all increased surface area or a reduction in the other dimensions. 17 The needles of the GNPLixMn0 2 sample are significantly shorter (1 J..lm or less), although the surface area is probably somewhat lower than that of the SS-LixMn0 2 , assuming no changes in the surface area occurred during ion-exchange (1.17 M 2 /g was obtained for GNP-Nao . .whln0 2 and 2.03 M 2 /g for SS-Nao. 44 Mn0 2 ). The lower surface area of the GNP product is~ most likely, attributable to the repeated post-combustion grinding and annealing cycles necessary for ensuring the phase purity, which caused some particles to fuse together but did not increase their length. A high surface area can increase the rate of side-reactions such as electrolyte oxidation, and presents a safety hazard under some circumstances;
Results and Discussion
thus the combination of enhanced diffusion without increased surface area is a highly desirable feature of the GNP-LixMn0 2 material.
Several consecutive discharges of liquid electrolyte cells containing GNPLixMn02 at various rates are shown in Figure 7 . Full utilization is seen at 80 f.!A/cm 2 and 0.5 mA/cm 2 , and only a small decrease is seen at 0.8 mA/cm 2 (this cell also appeared to condition somewhat, resulting in slight improvement as it was cycled). Figure 8 shows discharges at various current densities later in the cycling, when wider voltage limits were used. This resulted in a somewhat higher discharge capacity of about 120 mAh/g for low to moderate rates, but the voltage characteristics were more dependent upon current density than for the earlier discharges. However, it was still possible to discharge this cell at 2.5 mA/cm 2 (5C rate) and obtain nearly the full capacity. Figure 9a shows the capacity of the same cell as a function of discharge number for cycles 28-107 at a current density of 0.14 mA/cm 2 . (Earlier cycles are omitted because of the variation in conditions used). Figure 9b shows later cycling data, including the discharges carried out at 2.5 mA/cm 2 . Although utilization decreased somewhat during the high rate cycling, it was recovered during subsequent discharges at lower current densities, indicating that the cathode material was not damaged by this regime. Slightly less capacity is obtained for this cell when it is cycled at 0.5 mA/cm 2 than at 0.14 mA/cm 2 , but the excellent capacity retention is still evident, with no signs of fading.
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These experiments quite clearly illustrate the remarkable reversibility and stability of LixMnOz made from Nao.44MnOz.
Improved rate capability and cycling behavior can also be obtained on SSLixMn02 electrode materials that have been attritor-milled for three hours prior to use. Figure 10 shows capacity as a function of discharge number at room temperature for a Li/liquid electrolyte cell containing attritor-milled SS-LixMn0 2 . A very slight fade is seen and there appears to be somewhat more dependence of utilization upon. the current density than for GNP-LixMn0 2 . This can be partially attributed to the different voltage limits used when cycling this cell; in particular, repeated discharging below about 2.5V
can result in some capacity loss 12 (this, however, depends upon current density, temperature, and sample preparation technique). While attritor-milling appeared to reduce the average particle size of the SS-LixMn0 2 , it did not necessarily decrease the length of the needles as the GNP synthetic procedure did (rather, it tended to splinter the particles).
Thus, the particle morphology is not as well-opti:rJ?.ized, and this is reflected in the slightly poorer performance. Figure 11 shows a differential capacity plot from a stepped potential experiment performed on a Li/P(EO)sLiTFSI/GNP-LixMn0 2 cell between 3.5 and 2.6V at 85° C. The elevated temperature is necessary to render P(E0) 8 LiTFSI sufficiently conductive, and more conservative voltage limits for the ECPS experiment were chosen because of the susceptibility of the polymer electrolyte to oxidation. The discharge characteristics of the polymer cells are similar to that of those containing liquid electrolytes, although there is slightly higher capacity between 3.6 and 2.5V (Figure 12 ), at low to moderate rates.
Approximately 100 mAh/g is obtained at 0.1-0.2 mA/cm 2 , which decreases about 20% 9 when the current is increased to 1 mNcm 2 . The liquid electrolyte results indicate that the cathode active material is not the limiting factor in the performance of the polymer electrolyte cells. Although the conductivity of P(E0) 8 LiTFSI is fairly high at 85° C (6.3 x 10-4 S/cm), the non-unity transference number (0.45) and the very slow dissipation of salt concentration gradients in polymer electrolytes limit the current density at which cells can be discharged.
18 ' 19 Cycling results for a Li/P(E0) 8 LiTFSIIGNP-LixMn0 2 cell at 85° C, discharged at 0.5 mNcm 2 (1.5C rate), are presented in Figure 13 . Remarkably, almost no capacity loss is seen over 140 discharges, indicating that LixMn0 2 made from N a 044 Mn0 2 can be cycled at elevated temperatures, even in the presence of a somewhat acidic electrolyte. This is in sharp contrast to LiMn 2 0 4 which loses capacity rapidly above 55° C.
It is particularly striking that cycling more capacity is not associated with a higher fade rate in cells containing LixMn0 2 electrodes. In fact, GNP-LixMn0 2 cycles better than SS-LixMn0 2 , in both liquid and polymer cell configurations, even though higher capacity is utilized. The performance of SS-LixMnOz electrodes also appears to be more sensitive to the lower voltage cut-off and to the current density used. For example, SS-LixMn0 2 exhibits an average loss of 0.2% of its capacity per cycle in a polymer cell, when discharged at 0.2 mNcm 2 between 3.6 and 2.5 V, compared to 0.02% for the GNPLixMn02 cell in Figure 13 , discharged at 0.5 mNcm 2 . The poorer cycling behavior can be attributed to inadvertent over-reduction of LixMnOz on the surface of particles, due to the sluggish lithium ion diffusion near the end of discharge. During over-reduction, a very slow irreversible conversion to another, unknown, electro-active phase occurs. 14 This new phase inserts lithium reversibly, but has poorer electrochemical properties than the parent compound; its formation thus causes slow capacity loss. The improved particle morphology of GNP-LixMn0 2 compensates for the slow diffusion at the end of discharge, and decreases the likelihood that over-reduction will occur, while simultaneously improving utilization at moderate to high current densities.
The abuse-tolerance, good thermal stability, remarkable cyclability, and high rate capability of GNP-LixMn0 2 indicate that this material would be highly suitable for use in HEY batteries, which must undergo thousands of rapid, shallow cycles at high discharge rates during normal use. LixMn0 2 in the as-made state is in the partially reduced state (x is estimated to be 0.3-0.44, depending upon the preparation method), and is initially charged about 15-40 mAh/g, depending upon upper voltage limit and sample and cell type, ptior to the first discharge. Thus, LixMn0 2 made from Nao. 44 Mn0 2 can, in principal, be used as-is in a lithium ion battery configuration for applications not requiring high energy density such as HEVs (lithium ion batteries have been selected by the Partnership for a New Generation of Vehicles (PNGV) as candidates for this purpose).
At present, the reversible capacity of 100-120 mAh/g is somewhat low for this compound to be useful in conventional or EV batteries. The theoretical capacity is about 200 mAh/g for Li intercalation into LixMn0 2 with the Nao. 44 Mn0 2 structure 20 corresponding to a composition range of x=0-0.66. (This assumes that intercalation is site-limited, as it is in the case of Na insertion into Nao.~n0 2 ; however, there is evidence that more of the smaller Li ions can be inserted into this structure, under some conditions). 12 When used in a sodium/polymer configuration, Nao. 44 Mn0 2 delivers up to 150 mAh/g, 21 and, in a lithium/polymer cell, partially exchanged materials can deliver up to 180 mAh/g (140 mAh/g in the reversible region above 2.5V).n, 12 Complete ion exchange has the effect of steepening the discharge profile of compounds with the Nao.4Mn0 2 structure, making it difficult to extract lithium ions fully without oxidizing the electrolyte solution and compromising cycle life. Thus, the utilization during voltagelimited cycling is lower for LixMn0 2 than it is for LixNayMn0 2 or Nao.44Mn0 2 . The fact that greater capacities under similar discharge conditions can be achieved for several modifications of this structure indicate that the 100-120 mAh/g obtained during discharge
of LixMn0 2 below the oxidative stability limits of commonly used electrolyte solutions is not an inherent limitation. In fact, reversible capacities in lithium/polymer cells are increased 20% for fully exchanged active materials in which 22% of the manganese has been replaced with titanium. 22 This indicates that it is possible to modify the discharge characteristics of this structure by ad-metal doping to flatten the discharge profile, allowing more lithium to be extracted at voltages compatible with other cell components.
Work in this laboratory is now directed towards understanding the effects of ad-metal doping on this material, so that increased discharge capacity can be obtained without sacrificing the excellent rate capability or cyclability seen in GNP-LixMn0 2 .
Conclusions
LixMn0 2 electrodes with the Nao.44Mn02 structure have been discharged and cycled in lithium/liquid electrolyte cells at room temperature and in lithium/polymer cells at 85° C. Higher utilization and a dramatic improvement in rate capability is seen when a material derived from a glycine-nitrate combustion synthesis precursor is used (GNPLixMn02) rather than one made via a conventional solid state technique (SS-LixMn0 2 ).
This is attributable to the particle morphology of the former, which consists of much 12 shorter needles than the latter. GNP-LixMn02 has been cycled over 250 times at varying current densities, in a liquid electrolyte cell, and 140 times in a polymer cell heated to 85° C, at 1.5C rate, without any appreciable capacity fading. Furthermore, nearly full utilization is seen in Li/IM LiPF 6 EC-DMC/GNP-LixMn02 cells discharged up to 5C rate several times, without damage to the electrode. The outstanding cycling at both room temperature and elevated temperatures, meta-stability, and ability to withstand abuse situations and high-rate discharge make this manganese oxide a promising candidate for hybrid electric vehicle batteries, with the attendant severe performance demands. 
